Introduction
Wavelength division multiplexing and demultiplexing systems require coupling devices and signal routing to in− crease number of channels and information capacity of opti− cal communication. Applications of wavelength division multiplexing and demultiplexing systems are found in all communication links including metro network, fibre−to−the− −home (FTTH) network, long−distance terrestrial and under− sea transmission systems. In the recent past, various types of wavelength division multiplexing and demultiplexing de− vices have been proposed and demonstrated [1] . Several integrated−optical schemes have been proposed to perform the function, including conventional directional couplers [2] , asymmetric Y−branching devices [3] , asymmetric Mach− −Zehnder interferometers [4] , MMI coupler [5] [6] [7] , and multi− −core fibre [8] . Among them, MMI−based demultiplexers have attracted much attention because of compact size, low loss, larger fabrication tolerance and the broad bandwidth properties of MMI waveguides [9] [10] [11] [12] [13] [14] . However, there is still possibility of further improving the quality of demulti− plexer in term of loss and power. The purpose of present study is to design a 1×2 wavelength division demultiplexer for 1310 nm and 1550 nm and its performance characteris− tics. These are two optical windows: the o−band and c−band which are used at 1310 nm and 1550 nm, respectively. These low loss wavelength regions encouraged the growth of InGaAsP−based light sources and InGaAsP based pho− todetectors that can operate at 1310 nm and 1550 nm [15] . The miniaturization of devices is needed for the integration and fabrication which is done by using the III-V semicon− ductors. Nowadays, it has been possible to grow widely used an In (1-x) Ga x As y P (1-y) hetrostructure of various compo− sitions which can be used in the integration among transpar− ent (passive) devices, amplifying (active) devices and mod− ulators (up to the GHz regime). If the photonics integrated circuits are cost−effective with silica−on−silicon and poly− mers, III-V semiconductors have a lot of advantages for all complex circuits that require amplification or phase modu− lation. Furthermore, the high refractive index reduces the dimensions of the devices which solves the problems of high waveguide losses up to around 2 dB/cm [16, 17] .
There have been various theoretical studies for the re− duction of excess loss, imbalance and reflection for MMI splitter, from tapering the input and output waveguides [18] [19] [20] [21] . In this paper, we have demonstrated a new set of geometrically tailored MMI devices and compared it with the conventional MMI structure for multiplexer/demulti− plexer applications using InP/InGaAsP-MMI structure. The device functions either as a multiplexer or a demultiplexer, depending on the direction of light propagation. MATLAB and OptiBPM CAD softwares [22] have been widely used to analyse the MMI structure. Geometrically tailored MMI couplers which are based on change in the geometry of tapered I/O waveguide of the MMI structure to minimize loss. This would allow the designer to optimize device per− formance for a given set of refractive indices and pair of wavelengths. Results presented in this paper show that mod− ification in geometry of MMI device will lead to a better performance relative to conventional MMI devices. The principle of operation of MMI is discussed in the following sections.
Design and analysis of a MMI based demultiplexer
The MMI device consists of a large multimode section with an input and output access waveguide. The principle of operation of the MMI device is based on self−imaging, which is the constructive interference between the wave− guide modes [23] . Since the excited modes in the MMI sec− tion propagate with different phase velocities, they interfere with each other to form one or more interference patterns, the so−called 'multiple images' which depend on the posi− tion of the waveguide section. The effective index of the core is calculated by solving the eigen−mode equation along y−axis, considering two−di− mensional configuration of an MMI waveguide of the core effective index (n eff ) and the cladding refractive index (n 0 ). When the core width 'w' of MMI region is large, the nor− malized frequency V is also large. 
The length L p is defined as the beat length of the first two modes
where b 0 and b 1 are the propagation constants of the two lowest−order modes, and l is the operation wavelength. In this paper, we have used restricted interference to reduce the length of the device. Therefore, the propagation constant spacing between the first and m th modes
The total electric field in the MMI region can be obtai− ned by using the relation 
And, MMI length,
The electric field profile of MMI length L MMI can be written as
Since Y ( , )
x 0 in Eq. (7) is the electric field of the input waveguide Y ( ) x , the above equation can be expressed as
This shows that the electric field Y ( ) x is reproduced at the specific length L MMI with slight phase retardation [23] [24] [25] [26] [27] .
In the InP−based integration technology, multiplexers and demultiplexers are designed with a quaternary material InGaAsP (refrective index n 1 3 2898 = .
) as film, and binary material InP (refractive index n 2 31668
= .
) as cladding [17] . The layer stack forms a double heterostructure, in which two high−bandgap materials are surround by a low−bandgap material and the input and output waveguide of the width W L = 0.8 μm. The schematic configuration of a conventional MMI demultiplexer is shown in Fig. 1 and the proposed demultiplexer is shown in Fig. 2 . These are based on change in the geometry of tapered I/O waveguide with identical in access width (Wa) at the junction to achieve high device performance for any pair of wavelengths. Cross−section of a waveguide is shown in Fig. 3 . In order to minimize the MMI loss adiabatic tapers are used.
The transmission characteristics of the MMI waveguide have been simulated using MATLAB and OptiBPM CAD softwares. The local field distribution at any position along the MMI section is given by a superposition of the guided Opto−Electron. Rev., 23, no. 4, 2015 © 2015 SEP, Warsaw modes of the multimode waveguide in Eq. (8) . The propaga− tion constant for the waveguide at core can be approximated by Eq. (1). To find the optimized width for a MMI section, we have taken the ratio of beat length of 1310 nm and 1550 nm wavelengths and listed in Table 1 . The plot bet− ween beat length ratio and MMI width is shown in Fig. 4 which is optimized with width of the MMI section. Here n eff 0 ( ) l is the effective index of the fundamental mode for a wavelength of 1310 nm and 1550 nm, respectively, and n eff 1 ( ) l is the effective index of the 1 st mode for 1310 nm and 1550 nm, respectively. The beat length of the two low− est order modes is defined by Eq. 2.
Using this method we have calculated the width of MMI by taking (P 1 and P 2 are integer value) the value of P 1 = 8 and P 2 = 1 and ratio of (1 + P 2 /P 1 ) = 1.125. We have taken the width in between 3 to 4 μm because of the fact that the beat length ratio belongs to 1.1216 to 1. At a device length L kL MMI = p , a direct or mirrored image of the input field is formed if k is an even or odd inte− ger, respectively. For the restricted resonance, where the modes 2, 5, and 8, in the MMI section are not excited, the beat length and consequently the MMI section lengths can be three times shorter than that of the general resonance. To make the device as short as possible, we adopted the restric− ted−resonance operation. Therefore, the centres of the I/O waveguides were positioned at 1/3 or 2/3 of the MMI sec− tion having width "W".
The self−images are produced at different planes for dif− ferent working wavelengths because the propagation con− stants b 0 and b 1 are dependent on wavelength. The 1310/ 1550−nm MMI device can be separated into two wave− lengths l 1 and l 2 using the difference between the beat lengths. It lies in a bar−coupled state for one wavelength and a cross− coupled state for the other, so that the length of demultiplexing is given by
Where P 1 is an even integer, P 2 is an odd integer and L p l , is the beat length of wavelength l. At a coupler width of 3.4 μm the beat length ratio is 1.125 (P 1 = 8 and
The calculated values of L p = 50 321 . μm and 44.587 μm, respectively, for a wavelength of l 1 1310 = nm and l 2 1550 = nm. If P 1 = 8 and (P 1 + P 2 ) = 9, the MMI length is approximated to 402.568 μm and 401.283 μm, respectively. We have optimized the length by varying the length of MMI section for both TE and TM polarizations and optimized its length at 240 μm. We have obtained corresponding output for various length of MMI for the wavelength of l 2 1550 = nm and l 1 1310 = nm as can be seen in Figs. 5 and 6, respec− tively. Thus, we have been able to change the access width (Wa) of tapered I/O waveguides geometry from 0.8 μm to 1.5 μm in the proposed structure to improve the perfor− mance of multiplexer device for this pair of wavelength and given refractive index.
Results and discussion
Optimized width and length of MMI structure have been calculated in Sect. length of 240 μm. This indicates that the optimum values of width and length of MMI are 3.4 μm and 240 μm, respec− tively, for a MMI demultiplexer. In present analysis, z−axis has been taken as direction of field propagation, y−axis as width and x−axis as height of the waveguide. Further we have changed the access width (Wa) of tape− red I/O waveguide geometry between 0.8-1.5 μm in the pro− posed structure to find optimum access I/O width of taper MMI. The simulation performance of demultiplexer against tapered geometry width Wa is shown in Figs. 7 and 8 , res− pectively. In the case of demultiplexer, the most important performances are Insertion loss = -10 log( ) P P d i and Extin− ction ratio = 10 log( ) P P d u , where P i is the power in the input waveguide, P d and P u are the output powers from the desirable and undesirable output waveguides, respectively. For 1550 nm, P d and P u are outputs at port 2 and port 3, respectively. It is found that Wa should not be too wide or too narrow for minimum MMI demuliplexer losses. Figu− res 7 and 8 show the insertion loss and extinction ratio for TE and TM polarization of MMI as a function of Wa for wavelengths of 1310 nm and 1550 nm pair and refractive index of n 1 and n 2 mentioned in Sect. 2. We observe that low loss and high extinction ratio are achieved for an opti− mized access waveguide width of 1.15 μm. As shown in Figs. 9(a)-9(b) , and 10(a)-10(b), the topological map of the proposed modified MMI demultiplexer is obtained using FD−BPM for wavelengths of 1310 and 1550 nm for TE and TM polarizations, respectively. The output optical intensity of the proposed modified MMI demultiplexer for TE and TM polarization, respectively are shown in Figs. 11 and 12 . The above mentioned figures show that two wavelengths can be separated successfully for both polarizations. Fur− ther, due to an improved self−imaging effect, it is found that the topological map and output optical field increased sub− stantially for the proposed modified MMI coupler.
The main aim in this paper is to show the superiority of tapered geometry I/O waveguide MMI structure over the conventional MMI structure. Our optimum results obtained at an access width of 1.15 μm by beam propagation method are summarized in Table 2 along with the available data of the conventional MMI. Table 2 demultiplexer has low IL and high ER for both TE and TM polarization at wavelengths of 1330 nm and 1550 nm. In addition to that, the total size of the presented demultiplexer is about 370 μm × 3.4 μm which is much shorter than size reported by different works [9] [10] [11] .
Conclusions
We have proposed a 1310/1550 nm wavelength demulti− plexer based on a conventional MMI and tapered I/O wave− guide geometry of a MMI structure. The device length has been reduced by adopting a restricted−resonance multimode interference scheme and a lower beat length ratio. the critical geometrical parameters such as width, length of MMI structure, and access width of tapered I/O waveguide. The present simulation is based on finite difference beam propagation which shows that the proposed demultiplexer has good performances in terms of insertion losses and extinction ratio at 1310−nm and 1550−nm wavelengths. It has been found that IL and ER are equal to 0.546 dB 17.107 dB, respectively, in comparison to 1.421 dB and 16.433 dB obtained from conventional MMI geometry for TE polarization at 1310 nm wavelength. However, the value of IL and ER equal to 0.809 dB and 19.365 dB, respectively, in comparison to 1.630 dB and 13.490 dB from conven− tional MMI for quasi−TM polarization, at a 1310−nm wave− length. Similarly at 1550 nm, our simulated values of IL for TE and TM polarization both are lower than conventional MMI and ER is higher than the conventional MMI as listed in the bottom row of Table 2 . The total size of the device is about 370 μm × 3.4 μm which is also lower than the various reported in the literature. These show the significant impro− vement of the proposed tapered I/O waveguide over the conventional MMI structure.
